Lambda-1 interferon (IFN-1) and cyclooxygenase-2 (COX-2) were reported to play an important role in host antiviral defense. However, the mechanism by which IFN-1 and COX2 are activated and modulated during viral infection remains unclear. In this study, we found that expression of both circulating IFN-1 and COX2-derived prostaglandin E2 (PGE2) was coordinately elevated in a cohort of influenza patients compared to healthy individuals. Expression of IFN-1 was blocked by a selective COX2 inhibitor during influenza A virus infection in A549 human lung epithelial cells but enhanced by overexpression of COX2, indicating that the production of IFN-1 is COX2 dependent. COX2 was able to increase IFN-1 expression by promoting NF-B binding to the enhancer in the IFN-1 promoter. We found that epigenetic changes activate COX2 expression and PGE2 accumulation during viral infection. The expression of DNA methyltransferase 3a (DNMT3a) and DNMT3b, but not that of DNMT1, was downregulated following influenza A virus infection in both A549 cells and peripheral blood mononuclear cells (PBMCs). We showed that microRNA miR29 suppresses DNMT activity and thus induces expression of COX2 and PGE2. Furthermore, miR29 expression was elevated 50-fold in virally infected A549 cells and 10-fold in PBMCs from influenza patients, compared to expression after mock infection of A549 cells or in healthy individuals, respectively. Activation of the protein kinase A signaling pathway and phosphorylation of CREB1 also contributed to COX2 expression. Collectively, our work defines a novel proinflammatory cascade in the control of influenza A virus infection.
I
nfluenza virus (IV) causes a potentially serious infection with symptoms including headache, fever, pneumonia, and even death. The ease with which this pathogen can spread can cause widespread epidemics (38) . The main antigenic determinants of influenza A viruses are the hemagglutinin (H) and neuraminidase (N) transmembrane glycoproteins. Based on the antigenicity of these glycoproteins, influenza A viruses are further subdivided into 16 H (H1 to H16) and 9 N (N1 to N9) subtypes. H1N1 and H3N2 subtypes are the main isolates currently circulating in the human population (38, 42) . In recent years, H5N1 and H1N1 have also caused hundreds of deaths and billions of dollars in economic losses (21) .
Cyclooxygenase-2 (COX2) expression is present in airway epithelial cells after influenza virus infection (27) . COX2 catalyzes the first step in the biosynthesis of prostaglandins from arachidonic acid and is important in host responses to infection (7, 10, 33) . The ability of COX2 products to modulate inflammation and immune responses is well documented (1, 4, 6, 22, 24, 29) . COX2 is a main cause of inflammation during influenza virus infection and cooperates with other proinflammatory cytokines and interleukins (ILs), such as inducible nitric oxide, interferon (IFN), and IL-32. Furthermore, COX2 is the primary mediator of the body's protection from influenza virus infection (20) . However, the acute and sometimes extensive inflammation in the respiratory system is also a common cause of death by influenza infection.
In mammalian cells, DNA methylation is performed by three members of the DNA methyltransferase (DNMT) family: DNMT1, DNMT3a, and DNMT3b. DNA methylation involves the formation of a covalent bond between a methyl group and a dinucleotide CpG (8) . The majority of CpG dinucleotides in the genome, dispersed across retrotransposons or throughout coding regions and introns of genes, are methylated in normal cells. However, approximately 15% of CpGs are clustered in CpG islands in the promoter regions of genes and are normally unmethylated (8) . Recent studies showed that tumorigenesis is coupled with aberrant methylation in the promoter of tumor suppressor genes and changes in expression of DNMT family members (9, 13). Additionally, some investigators have reported that the members of the DNMT family can be regulated by certain viral proteins such as the hepatitis B virus (HBV) X protein, which directly affects the expression of COX2, a gene critical to proinflammatory processes (17, 32, 48) . The results of these studies indicate that similar aberrant epigenetic processes induced by certain viral proteins may occur in other viral infections and may constitute a potential new pathway leading to the expression of inflammation genes. However, the mechanism by which viral proteins can lead to epigenetic changes requires more investigation.
MicroRNAs (miRNAs) are small noncoding RNAs that naturally exist in mammalian cells and play a role similar to small interfering RNAs (siRNAs). Mature miRNAs are 19-to 25-nucleotide-long molecules cleaved from 70-to 100-nucleotide hairpin pre-miRNA precursor molecules. In animals, singlestranded miRNAs bind, through partial sequence homology, to the 3= untranslated region (3=-UTR) of target mRNAs and block translation or, less frequently, induce mRNA degradation (3) . The miRNA29 (miR29) family, which includes miR29a, miR29b, and miR29c, is involved in apoptosis, tumorigenesis, and chronic lymphocyte leukemia (12, 46) . miRNAs of the miR29 family were identified bound to the 3=-UTR of DNMT3a and DNMT3b, indicating that they may have a role in regulating DNA methylation levels by regulating the expression of DNMT3a and 3b in lung cancer (11) . However, little is known about the role of miR29 during viral infection.
The gene encoding lambda-1 IFN (IFN-1), also known as IL-29, is located on human chromosome 19. IFN-1, IL-28A (IFN-2), and IL-28B (IFN-3) were identified as type III IFNs in 2003 (16, 36) . Type I and type III IFNs have similar biological functions, and their expression is induced in a number of viral infections including type IV (15, 44) . Additionally, the antiviral activity of type 1 and type III INF on IV has also been reported (44) . These studies indicate that IFN-1 may be an important member of the antiviral network to protect cells from IV infection.
As DNMT3a and DNMT3b have been reported to play a role during HBV infection, similar regulation may also occur in other viral infections. In this study, our aim was to discover how epigenetic modifications affect the expression of proinflammatory genes in response to influenza A virus infection. Our results demonstrate that cooperation between miR29-mediated epigenetic modifications and activation of the protein kinase A (PKA) signaling pathway mediate the upregulation of COX2 and consequent IFN-1 production. This study describes a previously unrecognized proinflammatory mechanism that occurs during influenza A virus infection.
MATERIALS AND METHODS
Clinical samples. Peripheral blood samples were obtained from 32 patients (14 male, 18 female, aged 36.4 Ϯ 18.2 years) confirmed to be infected by H1N1 influenza A virus. Blood samples from 32 healthy individuals (15 male, 17 female, aged 30.6 Ϯ 11.5 years) were randomly selected as controls from the local blood donation center. Peripheral blood mononuclear cells (PBMCs) were isolated by standard Ficoll gradient centrifugation from the peripheral blood of either infected subjects or uninfected controls and used for miR29 determination by quantitative real-time reverse transcription-PCR (RT-PCR). Blood plasma was assayed for IFN-1 and prostaglandin E2 (PGE2) by enzyme-linked immunosorbent assay (ELISA). All research involving human participants was approved by the Institutional Review Board of the College of Life Sciences, Wuhan University, in accordance with the guidelines for the protection of human subjects. Written informed consent was obtained from each participant.
Virus and cell culture. The IV strain A/Human/Hong Kong/498/97 (H3N2) was provided by the China Center for Type Culture Collection. Stock virus was propagated in 10-day-old embryonated chicken eggs for 36 to 48 h at 37°C. The allantoic fluid was then harvested, and aliquots were stored at Ϫ80°C until used. The final concentration of H3N2 virus infection used in this study was 1 multiplicity of infection (MOI).
A549 human lung epithelial cells were cultured in F12K medium with 10% heat-inactivated fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin and 100 g/ml streptomycin) at 37°C and 5% CO 2 . PBMCs were isolated from blood of healthy donors by standard Ficoll gradient centrifugation and cultured in RPMI 1640 without FBS and antibiotics at 37°C and 5% CO 2 .
Antibodies and inhibitors. The following antibodies were used in this study: goat anti-DNMT1 antibody (sc-10219; Santa Cruz Biotechnology), goat anti-DNMT3A antibody (sc-10231; Santa Cruz Biotechnology), goat anti-DNMT3B (sc-10236; Santa Cruz Biotechnology), rabbit anti-CREB1 (sc-20700; Santa Cruz), mouse anti-COX2 (Cayman), and rabbit anti-IL-29 (sc-130787; Santa Cruz Biotechnology).
The following inhibitors were used in this study: methylation inhibitor 5=-aza-CdR and signaling pathway inhibitors NS398 (iCOX2; 10 M), H89 (iPKA; 10 M), LY294002 (iPI3K; 10 M), PD98059 (iERK; 10 M), SP600125 (iJNK; 10 M), SB203580 (iP38; 10 M), U0126 (iMEK/ERK; 10 M), GF109203 (iPKC; 10 M), and Bay11-7082 (iNF-B; 10 M). All inhibitors were from Sigma-Aldrich.
Plasmids, siRNA, and miRNA. Human DNMT1 full-length cDNA clone (pcDNA 3.1-DNMT1) was a gift form Dr. Moshe Szyf (Department of Pharmacology and Therapeutics, McGill University, Canada) (5, 39) . Human DNMT3a and DNMT3b full-length cDNA clones (pcDNA3-DNMT3a, pcDNA3-DNMT3b) were gifts from Dr. Arthur D. Riggs (Beckman Research Institute of the City of Hope, Duarte, CA) (18, 45) . Plasmids or miRNAs were transfected into the cells with Lipofectamine 2000 reagent (Invitrogen).
siRNAs, including siDNMT1, siDNMT3a, siDNMT3b, siP65, siP50, and siCREB1, were designed and then inserted into the pSilencer 2.1-U6 expression vector (Ambion); the interference efficiency was tested by transfection of siRNAs into A549 cells and RT-PCR analysis of the respective target. The sequences for the sense oligonucleotides for the most effective knockdown constructs are as follows: for siDNMT1, 5=-GATCCAA TGGCAGATGCCAACAGCTTCAA GAGAGCTGTTGGCATCTGCCATTCCTTTTTTGGAAA-3=; for siDNMT3a, 5=-GATCCACTACATCAGCAAGCGCAATTCAAGAGATTGCGC TTG CTGATGTAGTAGTTTTTTGGAAA-3=; for siDNMT3b, 5=-GATCCA TGACGGATGCCTAGAGTTCTCAAGAGAAACTCT AGGCAT CCGT-CATCTTTTTTTGGAAA-3=; for siCREB1, 5=-GATCC GGAGTC AGTGGATAGTGTATTCAAGAGA TACACT ATCCACTGACTC-CTTTTTTGGAAA-3=; for siP50,5=-GATCCGGGGCTATAATCCTGGA CTTTCAAGAGAAGTCCAGGATTATAGCCCCTT TTTTGGAAA-3=; and for siP65,5=-GATCCGCCCCTTCCAAGTTCCTATATTCAAGAGA TATAGGAACTTGGAAGGGGTTTTTTGGAAA-3=. miR29a, miR29b, and miR29c were synthesized as reported previously (11) . siCOX2, si-IRF3/7, and miR29 were designed and synthesized by Genephama (Shanghai).
Assays for DNMT activity and PGE2, IFN-1, and miR29 detection. Total DNMT activity in nuclear extracts was tested with the EpiQuik DNA methyltransferase activity/inhibition assay kit (Epigentek). PGE2 expression was tested with the Biotrak prostaglandin E2 enzyme immunoassay system (R&D Systems). IFN-1 was detected by ELISA and Western blotting with IFN-1 antibody. miR29 family miRNAs were detected with Hairpin-it miRNA qPCR quantitation kit (GenePharma). The template used for miR29 detection was the RT-PCR product from RNA extracted from A549, PBMCs, or patient blood samples. The stem-loop structure RT primer was provided by the qPCR kit. Final results were read on the LC480 real-time PCR system. All experiments were carried out according to the manufacturer's instructions.
Quantitative real-time PCR. Total RNA, isolated from A549 cells or PBMCs by using TRIzol reagent (Invitrogen), was treated with DNase I and reverse transcribed with murine leukemia virus (MLV) reverse transcriptase (Promega) and OligodT (Takara) to get total cDNA as templates.
PCR was performed with the following primer pairs: for COX2, 5=-ACAATGCTGACTATGGCTAC-3= (sense) and 5=-ATGGGAGGAGT TCAGGGA-3= (antisense); for DNMT1, 5=-CTGAGGCCTTCACGTTCA A-3= (sense) and 5=-ACTTGTGGGTGTTCTCAGGC-3= (antisense); for DNMT3a, 5=-CGTTGGCATCCACTGTGAATGA-3= (sense) and 5=-TTA CACACACGCAAAATACTCCTT-3= (antisense); for DNMT3b, 5=-CCT GAGGCCTTCACGTTCAA-3= (sense) and 5=-ACTTGTGGGTGTTCTC AGGC-3= (antisense); and for ␤-actin, 5=-CCATCGAGCACGGCATCG TCACCA-3= (sense) and 5=-CTCGGTGAGGATCTTC ATGAGGTAGT-3= (antisense). The results of quantitative real-time PCR were normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) expression.
Western blot analysis. After sonification and centrifugation, protein extracts from cultured cells were prepared by suspending cells in lysis buffer (0.01% EDTA, 0.1% Triton X-100, and 10% proteinase inhibitor cocktail). Protein concentrations in supernatants were quantified using a protein assay kit (Bio-Rad). Western blot analysis was performed using antibodies specific for DNMT1, DNMT3a, DNMT3b, COX2, and IFN-1. Blots were developed using SuperSignal chemiluminescent reagent (Pierce, Rockford, IL).
ChIP assay. A chromatin immunoprecipitation (ChIP) assay was performed according to the X-ChIP protocol (Abcam). Briefly, formaldehyde was added to the culture medium to a final concentration of 1%. The cells were then washed twice with phosphate-buffered saline (PBS), scraped, and lysed in lysis buffer (1% SDS, 10 mM Tris-HCl, pH 8.0, 1 mM phenylmethylsulfonyl fluoride [PMSF], 50 mg/ml of both aprotinin and leupeptin) for 10 min on ice. The lysates were sonicated on ice, and the debris was removed by centrifugation at 15,000 ϫ g for 15 min at 4°C. One-fourth of the supernatant was used as DNA input control. The remaining supernatant was diluted 10-fold with dilution buffer (0.01% SDS, 1% Triton X-100, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0, and 150 mM NaCl) and incubated with antibody against CREB or DNMTs overnight at 4°C. Immunoprecipitated complexes were collected using protein A/G agarose beads. The pellets were washed with dialysis buffer (2 mM EDTA, 50 mM Tris-HCl, pH 8.0) and incubated at 67°C for 5 h to reverse formaldehyde cross-linking. DNA was precipitated with ethanol and extracted three times with phenol-chloroform. Finally, pellets were resuspended in TE buffer and subjected to PCR amplification using the following primers: for COX2, 5=-CCGATTTTCTCATTTCCGT GGG-3= (sense) and 5=-CGAAATGACTGTTTCTT TCCGCC-3= (antisense); for IFN-1 proximal, 5=-GCCAGTTGGCTGAAAGCTGCCCA-3= (sense) and 5=-G GCAGGGCCAAGTGAGCTGGGA-3= (antisense); and for distal, 5=-TTT AAGGGCAGGTGCAGGGTGTC-3= (sense) and 5=-TTACCCAATGTG GTGGGCACCATC-3= (antisense).
Bisulphate sequencing. Bisulphate sequencing was performed as described previously (14) . Briefly, 1 g genomic DNA was denatured in 0.2 mol/liter NaOH. Sodium bisulphate and hydroquinone (Sigma-Aldrich) were added to final concentrations of 3.1 mol/liter and 0.5 mM, the pH was adjusted to 5.0 with NaOH, and the solution was incubated at 55°C for 16 h. Then, DNA samples were purified with a DNA clean-up system (Promega), precipitated with 75% ethanol, and resolved with 20 l double-distilled water (ddH 2 O). The following primers were used for amplification of the COX2 promoter: 5=-TTTAAATTGGGGTAGTTTTT-3= (sense) and 5=-CTACTAAAAAATTCCTAAA-3= (antisense). PCR products were cloned to pGEM-T-easy vector system (Promega) and subjected to sequencing analysis.
RESULTS

Production of IFN-1 is enhanced by COX2 during influenza virus infection.
Although COX2 is a critical inflammatory gene induced by IV, it does not directly suppress viral replication in host cells. IFN-1 is a newly identified antiviral cytokine. The antiviral activity of IFN-1 in response to IV infection has been demonstrated in several recently published studies (15, 16, 30, 34, 36, 37, 44) . We compared IFN-␣, -␤, and -1 expression in A549 human lung epithelial cells after infection with IV (MOI ϭ 1) and treated with or without the selective COX2 inhibitor NS398 (10 M): results showed that both IFN-␣ and -1 expression were upregulated 24 h after IV infection, but IFN-1 upregulation was more significant than that seen for IFN-␣ (Fig. 1A) . It is reported that IFN-1 plays an important role in antiviral activity to protect cells form influenza virus infection in epithelial cells (31, 40) . Our results indicated that both type I and type III interferons were suppressed by COX2 inhibitor (Fig. 1A) . As a result, our work focused on clarifying the connection between IFN-1 and COX2. We thus measured the production of both IFN-1 and COX2-derived PGE2 in sera from a cohort of patients infected by influenza A virus (n ϭ 32). The level of IFN-1 in influenza patients was elevated significantly compared to that in sera from healthy individuals (Fig. 1B) . Interestingly, elevated IFN-1 in the sera of IV-infected patients was tightly correlated with the level of PGE2 (Fig. 1C) . To further elucidate the relationship between COX2 and IFN-1, A549 cells were transfected with COX2-specific siRNA and infected with IV (MOI ϭ 1). After a 24-h incubation, cells were harvested and IFN-1 expression was measured by both real-time RT-PCR and Western blotting. Our results indicated that IV infection-stimulated IFN-1 expression in A549 cells was suppressed by COX2-specific siRNA but not irrelevant control siRNA ( Fig. 1D and E) , which indicates that IFN-1 expression is enhanced by COX2 expression or activity. These results suggest that influenza A virus stimulated IFN-1 expression through the COX2 pathway.
COX2 enhances IFN-1 expression through strengthening NF-B binding activity to the distal NF-B-rich cluster. To further explore the signaling pathway by which COX2 enhances IFN-1 expression, different signaling pathway inhibitors were used ( Fig. 2A) . We found that the NF-B inhibitor Bay11-7082 effectively suppressed IFN-1 expression in A549 cells transfected with pCMV-COX2. It is also reported that IFN-1 activation is regulated by IRF3/7 signaling pathway, and we thus designed specific siRNAs against IRF3, IRF7, and NF-B P50 and P65 (siIRF3, siIRF7, siP50, and siP65) and cotransfected each of them along with pCMV-COX2 into A549 cells. Cells were collected 48 h after transfection, and both real-time RT-PCR and Western blotting were used to detect IFN-1 expression (Fig. 2B and C) . The results showed that all four siRNAs (siIRF3, siIRF7, siP50, and siP65) suppressed IFN-1 expression induced by COX2 compared to what was seen for the irrelevant siRNA control, indicating that both IRF3/7 and NF-B signaling pathways participate in IFN-1 expression during IV infection.
Previous studies showed that IFN-1 gene expression is mediated by spatially separated promoter elements that independently interact with NF-B and IRF3/7. Also, the distal cluster of NF-B sites is required for maximal levels of lipopolysaccharide (LPS) induction (40) . To verify the role of NF-B and IRF3/7 during IV infection or after overexpression of COX2, we tested NF-B binding activity to the distal and proximal NF-B clusters and IRF3/7 binding activity to the IFN-1 promoter by ChIP assays (Fig. 2D) . We found that the binding activities of NF-B (P50, P65, and RelA), IRF3, and IRF7 were all strengthened after IV infection. However, after expression of COX2, the binding activity of NF-B (P50, P65, and RelA) was strengthened mainly to the distal NF-B cluster and slightly to the proximal NF-B clusters. The binding activity of IRF3 and IRF7 to the IFN-1 promoter was slightly strengthened as well after expression of COX2. These results suggest that COX2 increases IFN-1 expression mainly through activating the distal NF-B cluster enhancer. Although IRF3/7 do play an important role in IFN-1 induction during IV infection, they are relatively independent of COX2.
DNMT3a and DNMT3b downregulation induces COX2 expression. To elucidate the relationship between DNMTs and COX2 expression, siRNA specific for each of three DNMTs (siDNMT1, siDNMT3a, and siDNMT3b) and 5=-aza-CdR, a specific DNMT inhibitor, were used to knock down DNMTs and to suppress DNMT activity, respectively. siDNMT3a and siDNMT3b significantly induced COX2-derived PGE2 production compared to irrelevant control siRNA. In contrast, siDNMT1 had only slight effects on PGE2 production (Fig. 3A) . 5=-aza-CdR induced PGE2 production in a dose-dependent manner (Fig. 3B) , indicating that downregulation of DNMTs leads to COX2 activation. To confirm this result, plasmids expressing each DNMT (DNMT1, DNMT3a, and DNMT3b) were transfected into A549 cells, and 8 h after transfection, cells were infected with IV (MOI ϭ (Fig.  3C) . But among three DNMTs, DNMT3b was more effective in suppressing COX2 expression, whereas DNMT1 and DNMT3a were less effective. Then, 5=-aza-CdR was used to suppress total DNMT activity. We found that the expression of COX2 was higher with the increased dose of DNMT inhibitor in PBMCs (Fig.  3D ) and A549 cells (Fig. 3E) . Thus, upregulation of COX2 and PGE2 is tightly correlated with decreased expression of DNMT3a and DNMT3b during IV infection.
Suppression of DNMTs triggers demethylation within the CREB binding site of the COX2 promoter. To determine if IV infection affects DNA methylation in the COX2 promoter, we performed bisulfate DNA sequencing in A549 cells before and after IV infection. We found that CpG at the Ϫ57 position was dramatically demethylated following IV infection compared to mock infection (Fig. 4A) . We then performed a chromatin immunoprecipitation (ChIP) assay to measure the binding activity for each of three DNMTs at the Ϫ57 CpG site of the COX2 promoter. Binding of both DNMT3a and DNMT3b was significantly re- duced at this location after IV infection. In contrast, DNMT1 binding activity did not change significantly (Fig. 4B) . These results indicate that DNMT3a and DNMT3b, but not DNMT1, are responsible for methylation at the Ϫ57 CpG, and DNMT3b may play the more important role in this process because the binding of DNMT3b was more significantly reduced over DNMT3a.
We analyzed the sequence of the COX2 promoter and found that Ϫ57 CpG was located within the CREB binding motif, which indicates that CREB1 binding to the demethylated Ϫ57 position may be important for regulating COX2 expression. To determine whether there is a link between CREB1 binding and DNMT activity, we performed another ChIP to compare the CREB1 binding activities during treatment with the DNMT inhibitor 5=-aza-CdR and IV infection. We found that CREB1 binding activity increased after the treatment with 5=-aza-CdR (Fig. 4C ) and IV infection (Fig. 4D) . The results indicate that increased CREB1 binding activity is the direct consequence of demethylation at the CREB binding site. We can thus conclude that downregulation of DNMT3a and DNMT3b induces COX2 expression by demethylating CpG in CRE at the Ϫ57 position in the COX2 promoter, followed by an increase in CREB1 recruitment to the cognate binding site.
The next question is whether CREB1 binding induces COX2 expression. CREB1-specific siRNAs were transfected into A549 cells and infected with IV (MOI ϭ 1). Results showed that COX2 expression was suppressed at both mRNA and protein levels in the presence of CREB1-specific siRNA but not the irrelevant siRNA control after IV infection (Fig. 4E and F) . The results indicate that CREB1 binding is necessary for COX2 expression during IV infection.
DNMT3a and DNMT3b are downregulated in the early stages of influenza A virus infection. To determine whether IV infection influences epigenetic modifications, A549 human lung epithelial cells were infected with IV (MOI ϭ 1). Cells were harvested at various time points (0, 2, 4, 6, and 8 h), and the expression levels of three DNMTs were measured by quantitative realtime reverse transcription-PCR (RT-PCR). DNMT3a and DNMT3b, but not DNMT1, mRNA was markedly decreased as IV infection progressed over time (Fig. 5A ). We then detected the level of DNMT family member proteins by Western blotting (Fig.  5B) . Consistent with mRNA data, DNMT3a and DNMT3b proteins were downregulated, reaching the lowest levels at 6 and 8 h after IV infection. To determine the final DNMT catalyzing activity, we tested the total DNMT enzyme activity in both A549 cells and peripheral blood mononuclear cells (PBMCs) infected with IV (Fig. 5C ). Total DNMT activity in the nuclei of infected A549 cells and PBMCs dropped sharply at 4 h after IV infection. These results indicate that the catalyzing activity of DNMTs decreases early after IV infection and should be a result of DNMT3a and DNMT3b, but not DNMT1, downregulation.
miR29 plays an important role in DNMT downregulation during influenza virus infection. Our data show that COX2 upregulation induced by IV infection was tightly correlated with downregulation of DNMT3a and DNMT3b. However, the mechanism by which the DNMTs were downregulated is unclear. As mentioned previously, DNMT downregulation occurred in the early stages of IV infection, and the rapid response time of the miRNA family molecules make them candidates for this mechanism. The miRNAs of the miR29 family have been shown to downregulate the expression of DNMT3a and DNMT3b (11, 43, 47) .
To provide evidence supporting the relationship between the miR29 family and COX2 expression, the three members of miR29 family (miR29a, miR29b, and miR29c) were synthesized and transfected into A549 cells. COX2-derived PGE2 production was strongly induced by each of three miR29s compared to irrelevant control miRNA 24 h after transfection (Fig. 6A) . We also measured total DNMT catalyzing activity in A549 cells transfected with the three miR29s. Following transfection with miR29s, total DNMT catalyzing activity significantly decreased in the nuclear extract of A549 cell lysates (Fig. 6B) . Among the miR29 family members, miR29b most efficiently reduced DNMT catalyzing activity (Fig. 6B) . Additionally, we measured the expression of COX2, DNMT3a, and DNMT3b in A549 cells transfected with miR29a, miR29b, and miR29c and found that COX2 expression was increased and DNMT3a and DNMT3b were decreased when the three miR29s were present (Fig. 6C) . These results indicate that miRNAs of the miR29 family induce COX2 expression by regulating DNMT expression. A critical question is whether the miR29 family miRNAs are upregulated during IV infection. We measured miR29b expression in both IV-infected A549 cells and PBMCs by quantitative real-time RT-PCR. Interestingly, we found that miR29b was upregulated in a time-dependent manner. Additionally, miR29b expression in both A549 cells and PBMCs was elevated at 2 h after infection and was increased 50-fold at 4 or 6 h after infection (Fig.  6D) . We also tested miR29b expression in PBMCs of 10 patients infected with influenza A virus (H1N1) and 10 healthy individuals. miR29b expression in healthy people was relatively stable. In contrast, we found that miR29 was elevated an average of 10-fold in PBMCs from infected subjects compared to those from uninfected healthy controls (Fig. 6E ). These results demonstrate that the miR29b upregulation occurs early after virus infection and influences DNMT expression in PBMCs. Through downregulating DNMT expression, the miR29 family induces expression of proinflammatory genes early in the course of a viral infection. To verify the function of miR29 during IV infection, antagomiRNA29 was transfected into A549 cells as an inhibitor to block miR29 induced by IV (Fig. 6F) . Results showed that downregulation of DNMT3a and DNMT3b induced by viral infection was reversed by the miR29 inhibitor but not by the scramble miRNA control at both mRNA and protein levels. COX2 expression induced by viral infection was also suppressed by the miRNA inhibitor. The results indicate that DNMT3a and DNMT3b downregulation induced by viral infection and consequent COX2 activation are dependent on miR29 expression. As we discussed before, COX2 expression is dependent on demethylation of the CREB1 site in the COX2 promoter. As a result, the miR29 inhibitor suppresses COX2 expression through reversing DNMT3a and DNMT3b downregulation induced by IV infection. Together, the results proved the important role of miR29 in DNMT downregulation, COX2 promoter demethylation, and COX2 expression during influenza virus infection.
Influenza virus infection activates COX2 through PKA signaling pathway. It has been reported that poly(I·C) mimics an influenza virus infection because the same double-stranded RNA (dsRNA) is produced during viral RNA replication (2, 19, 41) . Other investigators have reported that dsRNA also activates PKA to phosphorylate CREB (25, 26) , which is necessary for it to bind the COX2 promoter (35) . To identify the signaling pathways activated during IV infection, A549 cells were infected with IV (MOI ϭ 1) and treated with seven different signaling pathway inhibitors. At 24 h after infection, cells were harvested and PGE2 production was measured. The PKA inhibitor H89 reduced PGE2 production most effectively (Fig.  7A) , indicating that PKA activation may play an important role in COX2 expression. Furthermore, administration of H89 suppressed IV-induced COX2 expression in a dose-dependent manner at both mRNA and protein levels (Fig. 7B) . To determine the relationship between PKA and CREB1 phosphorylation, A549 cells were transfected with PKA-specific siRNA (Fig.  7C) , an irrelevant siRNA was used as the negative control. Although no significant change in total CREB1 expression was observed, phosphorylated CREB1 was significantly elevated in response to IV infection and reduced in the presence of PKAspecific siRNA. We then performed a ChIP assay to examine the relationship between CREB1 phosphorylation and CREB1 binding to the COX2 promoter. We found that CREB1 binding activity is elevated upon IV infection and decreased in the presence of PKA-specific siRNA (Fig. 7D) , indicating that only phospho-CREB1 is able to bind to the COX2 promoter. These results demonstrate that PKA activation and CREB1 phosphorylation are necessary for COX2 activation. 
DISCUSSION
Fatal influenza virus infections are often a result of acute inflammation induced by the viral infections, especially with regard to the highly pathogenic influenza viruses H5N1 and H1N1 epidemics of recent years. In this study, we provide a previously unrecognized mechanism by which both miR29-mediated epigenetic modifications and activation of the PKA signaling pathway play an important role in the regulation of COX2 and IFN-1 expression during infection with the influenza A virus.
By studying the blood samples from a cohort of subjects infected with influenza A virus and comparing to uninfected controls, we found that miR29, COX2-derived PGE2, and IFN-1 were all significantly increased in infected subjects, and levels of IFN-1 were tightly correlated with PGE2. To elucidate the mechanism behind this upregulation, we chose human lung epithelial cells A549 and PBMCs to mimic the viremic stage of influenza A virus infection in the body. We detected the changes of epigenetic modification status induced by the influenza virus infection. Aberrant epigenetic modification is currently being extensively studied, but most research has focused on the altered methylation pattern occurring in gametogenesis and early embryogenesis or chronic viral infections (9, 13). Here, we showed that in addition to epigenetic modifications, DNMT downregulation also occurs early in influenza virus infection. As a result, demethylation at the specific CREB binding sites leads to COX2 promoter activation. We then identified the miRNAs of the miR29 family as responsible for the rapidly decreased DNMT activity, thus explaining why DNMT expression downregulation occurs so soon following the onset of viral infection. Additionally, control by miR29 miRNAs also provides a way to restore DNMT expression when needed to avoid devastating consequences caused by DNMT downregulation. However, epigenetic modification changes induced by miR29 are not sufficient to activate COX2, which is further mediated by the activated PKA signaling pathway and CREB1 phosphorylation.
In uninfected cells, the proinflammatory genes such as COX2 and iNOS are silenced, and then activated during viral infection. A complex cell signaling network silences these genes, with DNA methylation regulation playing a critical role in this network (8) . In this study, we provide evidence that DNMT3a and DNMT3b are involved in methylation regulation of COX2 promoter activation, whereas DNMT1 plays a less important role in this process. As we know, DNMT family has 5 main members, namely, DNMT1, DNMT2, DNMT3a, DNMT3b, and DNMT3L, and their functions are quite different (8) . DNMT1 maintains the methylation pattern of the newly synthesized DNA chain during DNA replication. Its maximum methylating activity needs semimethylated newly synthesized DNA double helix chain. DNMT2's methylating activity is very weak, and its function is not quite clear right now. DNBT3a and DNMT3b are involved in de novo acquisition of DNA methylation pattern, with the main methylation pattern happening during viral infection. DNMT3L is involved in maternal genomic imprinting and affects the activity of DNMT3a and 3b. In our research, we mainly focused on epigenetic modification caused by influenza virus infection, and DNMT3a and DNMT3b are the most functionally related DNMTs. We did not focus on DNMT1 because our results proved that DNMT1 expression was not affected by influenza virus infection, whereas DNMT3a and DNMT3b were downregulated. Furthermore, miR29 targeted on DNMT3a and DNMT3b but not DNMT1.
Interestingly, DNMT downregulation occurs very early after viral infection. As demethylation is an upstream event in proinflammatory gene expression, downregulation of DNMT3a and DNMT3b might trigger the entire inflammation signaling network. However, the induction of the miR29 family may happen even earlier. Previous research has mainly focused on the function and recognition site (12, 28, 46) of miR29, and little is yet known about its role during viral infection. In this study, we found that the expression of the three miR29 family miRNAs changed dramatically in the early stages of viral infection. This rapid response ensures that host cells activate an antiviral response early after infection with the virus. The expression of miR29 seems to be necessary for the early stage of inflammation signaling network activation. After this network has been activated, miR29 expression is rapidly reduced to a relatively low level. This reduction may avoid the gene expression disorder aroused by low-level methylation activity. The mechanism of miR29 regulation and the delicate process to keep perfect balance between methylation and demethylation levels during proinflammatory responses need further investigation.
The PKA-CREB signaling pathway has been reported to play an important role in influenza virus infection (23, 25, 26, 35, 41) . However, this pathway can only partially explain how COX2 is induced during early viral amplification. It remains unclear how COX2 is initially activated after virus infection and how COX2 expression is rapidly suppressed after the infection is controlled. Our study emphasizes the role of cross talk between miR29-mediated epigenetic modifications and the PKA-CREB signaling pathway during viral infection. Both miR29-mediated demethylation at the specific CREB1 site in the COX2 promoter and activation of the PKA signaling pathway occur simultaneously and recruit CREB1 to the promoter, ultimately resulting in COX2 activation and consequent IFN-1 production.
To investigate the kinetic expressions of miR29, COX2, and IFN-1, A549 cells were infected with IV (MOI ϭ 1), and cells were collected at different time points (0, 2, 4, 6, 8, 12, 24, and 48 h). The total miRNA and mRNA were extracted separately. Expressions of miR29, COX2, and IFN-1 were then tested by quantitative real-time RT-PCR. Results showed that the expression levels of IFN-1 were tightly correlated with COX2, which is consistent with the clinical sample analysis. Expression levels of miR29 increased more rapidly than those of IFN-1 and COX2 (Fig. 8A) . A model of this mechanism, including miR29-mediated DNMTs, PKA activation, COX2, and IFN-1 production, is summarized in Fig. 8B . This model illustrates the cooperation and cross talk between the two pathways that ensures prompt activation of proinflammatory genes after virus infection and rapid suppression of these genes when the infection is under control.
It is well established that COX2 is important in activation of inflammation, although it does not directly suppress virus replication. IFN-1 is a newly discovered member of the IFN family, and its antiviral activity, especially with respect to the influenza virus, has been well studied in recent years (15, 16, 30, 34, 36, 37, 44) . However, the genes that regulate IFN-1 have not been established. In this study, we investigated the relationship between COX2 and IFN-1 and found that the expression of IFN-1 was enhanced by COX2 through promoting NF-B binding to the enhancer in the IFN-1 promoter. The potent antiviral activity of IFN-1 (15, 30, 34, 44) is enhanced by COX2 activation to protect host cells from IV infection. The data from this study provide details about the mechanism by which IFN-1 has both proinflammatory and antiviral functions. The promoter of IFN-1 has both typical IRF3/7 binding sites and two NF-B clusters which may serve as bridges between the IFN family and the inflammation network, suggesting that the IFN family and the inflammation network may not work independently. The inflammatory signaling downstream of COX2 is a large and complex network, and the details of the mechanism require more investigation.
